Abstract

23
Dyneins are motor proteins responsible for transport in the cytoplasm and the 24 beating of the axoneme in cilia and flagella. They bind and release microtubules via a 25 compact microtubule-binding domain (MTBD) at the end of a long coiled-coil stalk. 26
Here we address how cytoplasmic and axonemal dynein MTBDs bind microtubules at 27 near atomic resolution. We decorated microtubules with MTBDs of cytoplasmic 28 dynein-1 and axonemal dynein DNAH7 and determined their cryo-EM structures 29 using the stand-alone Relion package. We show the majority of the MTBD is 30 remarkably rigid upon binding, with the transition to the high affinity state 31 controlled by the movement of a single helix at the MTBD interface. In addition 32 classification. The lower occupancy meant that the MTBD density was at a much 166 lower resolution than the microtubule, and therefore the map was lowpass filtered 167 to 8Å for interpretation. The resulting map fits well with our new model, but H1, H2, 168 H3 and H4 from the 9.7Å model are all at least partially outside the density ( Figure  169 S5C-F). Accordingly, model-to-map FSC measurements indicate that our new model 170 is a better fit to the map (FSC0.5 = 8.66Å (New model) and 12.76Å (9.7Å model) 171 ( Figure S5B ). As such, we conclude that our 4.1Å structure corresponds to the native 172 state of the dynein MTBD bound to microtubules. Table 2 ). Comparing the final microtubule-210 bound model to the original low-affinity structure, we observe the same 211 conformational changes as for SRS-DYNC1H13260-3427 ( Figure 3C) . Namely, the 212 majority of the MTBD remains unchanged, but H1 and CC1 move up into a raised 213 position over the intradimer interface. Furthermore, aligning our cytoplasmic 214 dynein-1 model to the DNAH7 model shows that they adopt almost identical 215 conformations ( Figure S7C ). Given that these are two distantly related dyneins, this 216 suggests that the fundamental structural basis for microtubule binding is universal. 217
218
The biggest difference between the cytoplasmic dynein-1 and DNAH7 models lies in 219 the flap. At lower threshold levels an elongated density emerges from the DNAH7 220 MTBD and contacts the adjacent protofilament (Figure 3D + S7B ). There are two 221 contacts between the flap and this protofilament, corresponding to H10 of β-tubulin 222 and loop H6/7 of α-tubulin (Figure 3F/G) . As such, DNAH7 contacts four tubulin 223 subunits at once when it binds to the microtubule. On account of its appearance 224 only at lower threshold levels, we conclude that the flap has a degree of flexibility. 225
226
Another difference between the two structures is the orientation of the MTBD on 227 the microtubule. Aligning the tubulin of the DNAH7 and cytoplasmic dynein-1 228 models reveals that the DNAH7 MTBD is tilted relative to cytoplasmic dynein ( Figure  229   3E ). This can be described by a 7° rotation around the microtubule contact site at the 230 base of H6. DNAH7 is tilted in the same direction as the flap, suggesting that its 231 interaction with the adjacent protofilament pulls on the entire MTBD. 232
233
Lowpass filtering and thresholding the map to a lower level revealed the presence of 234 an additional link between the DNAH7 MTDB and the adjacent protofilament (Figure  235   3H ). Due to its proximity to the C-terminus of β-tubulin, we suspect that this density 236 is attributed to the β-tubulin "E-hook". This is a normally unstructured ~20 residue 237 chain of mostly glutamate residues that strongly contributes to the electronegative 238 surface of microtubules (Nogales et al., 1998; Redeker et al., 1992). We note that the 239 same link is not observed in our cytoplasmic dynein-1 density ( Figure 3I ) at any 240 threshold. Examination of the surface charges of our two models reveals a large 241 positively charged patch on the top of the DNAH7 MTBD that is absent in 242 cytoplasmic dynein-1 (Figure 3J/K) . Modelling of the β-tubulin E-hook show that it is 243 capable of reaching this patch. As such, we conclude that on top of a core 244 microtubule interaction shared with cytoplasmic dynein, DNAH7 is bolstered by two 245 links to the adjacent protofilament. 246
247
DNAH7 binding to microtubules induces changes in microtubule cross section 248
During the process of solving the DNAH7 MTBD structure, we noticed that the 249 microtubule was distorted compared to our other reconstructions. Initial application 250 of local symmetry, using the same operators as our previous structures, resulted in a 251 weaker decorating density and blurring of tubulin helices (Figure S7D/E) . This 252 suggested that the averaging between different protofilaments was incoherent, and 253 the cross-section of the microtubule was distorted. We therefore used Relion to 254 refine the local symmetry operators, which improved the features and led to our 255 the decoration is highest at low local protofilament curvatures ( Figure 4D/E, S8) . 288
Based on this localization, we propose that the DNAH7 MTBD induces a local 289 flattening of the microtubule. The pattern of decoration also suggests that the 290 DNAH7 MTBD binds more weakly to higher curvatures and more strongly to flatter 291
curvatures. 292
Given that the only major difference between the cytoplasmic dynein-1 and DNAH7 294 MTBD is the flap, it seems likely that this is the element responsible for the 295 flattening. This is supported by our observation that the flap contacts the adjacent 296 protofilament to the MTBDs binding site. Furthermore, the movement of the MTBD 297 towards the adjacent protofilament suggests that there is tension created by the 298 flap. We propose that this tension results in the relative movement between 299 protofilaments that generates a local flattening. 300
301
Discussion
302
Using Relion to solve high-resolution structures of decorated pseudosymmetric 303 microtubules 304
The workflow we present for solving microtubule structures in Relion is 305 straightforward and does not require expert knowledge. To test the general 306 applicability for decorated microtubules, we re-processed EMPIAR dataset 10030, 307 which comprises EB3-decorated microtubules. This data set was previously refined 308 IgG Sepharose 6 Fast Flow resin (GE, equilibrated in ZZ-lysis buffer) on a horizontal 548 roller for 2 hours at 4°C. The mixture was applied to a gravity flow column, and the 549 resin was washed with 150mL ZZ-Lysis buffer and 150mL TEV buffer (50mM Tris pH 550 7.4, 150mM KOAc, 2mM MgAc, 1mM EGTA, 10% Glycerol, 1mM DTT). The resin was 551 resuspended in 5mL TEV buffer, supplemented with 0.1mg/mL TEV protease and 552 incubated on a horizontal roller at 25°C for 80 minutes. The sample was reapplied to 553 a gravity flow column, the eluate was collected and concentrated to 6mg/mL with a 554 15mL 100kMWCO centrifugal concentrator (Amicon) and snap frozen in aliquots. 555 556
Aliquots of each sample were gel filtered prior to each grid freezing session. Thawed 557 sample was spun through a 0.22um spin filter (Amicon) to remove aggregates and 558 loaded onto a Superose 6 10/300 gel filtration column (GE) equilibrated in GF buffer 559 (25mM Tris pH8.0, 50mM NaCl, 1mM MgCl2, 1mM DTT). Peak fractions were pooled 560 and concentrated in a 4mL 30MWCO Amicon centrifugal concentrator to 1/10 th of 561 the original volume. The sample was then diluted 5-fold in salt-free GF buffer (i.e. 562 without 50mM NaCl) and reconcentrated. This was repeated twice, resulting in a 25-563 fold dilution of the NaCl. The sample was further diluted to a final concentration of 564 2mg/mL to be used for grid freezing. 565 566
Lyophilised tubulin was resuspended in MES-NaCl buffer (25mM MES pH6.5, 70mM 567 NaCl, 1mM MgCl2, 1mM DTT) to a concentration of 10mg/mL and snap frozen in 568 aliquots. For polymerisation, an aliquot was thawed and mixed 1:1 with MES-NaCl 569 buffer supplemented with 6mM GTP, and incubated at 37°C for 2 hours. 100uL MES-570 NaCl buffer supplemented with 20uM Taxol and pre-warmed to 37°C was added, and 571 the sample was left at room temperature overnight. Before use, the microtubules 572 were spun at 20000x rcf for 10 minutes, and resuspended in MES-NaCl buffer with 573 taxol. 574 575
Grid preparation 576 Quantifoil R1.2/1.3 Au300 grids were glow-discharged for 40 seconds. 4uL 0.4mg/mL 577 microtubules was added to the grid and incubated at room temperature for 1 578 minute. This was removed by side blotting, 4uL of dynein was added and the grid 579 was incubated for a further 2 minutes. Manual side blotting was repeated, and after 580 the second MTBD application the grid was taken into the humidity chamber of a 581
Vitrobot Mark II set to 100% humidity and 22°C. After 2 minutes, the grid was 582 double-side blotted for 4 seconds and plunged into liquid ethane. 583 584
Cryo-electron microscopy 585
Cytoplasmic dynein 1 MTBD-SRS grids were imaged on our in-house Titan Krios 586 microscope, and DNAH7 MTBD grids were imaged on Krios III at Diamond eBIC. For 587 cytoplasmic dynein, 1995 1.5s exposures were collected with a pixel size of 1.04Å 2 588 and a fluence of 40e -/Å 2 s on a Falcon III detector in linear mode. For DNAH7, 4641 589 1.5s exposures were collected with a pixel size of 1.085Å 2 and a fluence of 45e -/Å 2 s. 590
Dynein motor domain decorated microtubules were imaged on a Polara microscope, 591 with 2455 1.5s exposures collected with a pixel size of 1.34Å 2 and a fluence of 37e -592 /Å 2 s on a Falcon III detector in linear mode. In each case, images were acquired with 593 a defocus ranging between -1.5μm and -4.5μm semi-automatically in EPU. 594 595
Image Processing 596
All processing was performed inside the Relion 3.0 pipeline (Zivanov et al. 2018).
597
Details are given for processing the SRS-DYNC1H13260-3427 data, followed by 598 modifications to this workflow used for the other datasets. The unaligned raw 599 movies were aligned and dose weighted in Relion's implementation of MotionCorr2 600 using 4x4 patches (Zheng et al. 2017). CTF determination was performed with Gctf 601 on dose-weighted micrographs (K. Zhang 2016). Manual picking and 2D classification 602 was performed to generate references for autopicking. Start and end coordinates of 603 30 microtubules from 5 micrographs were extracted into 82Å segments (box size 604 512), resulting in ~650 particles which were classified into 5 classes. These were used 605 as references for autopicking on all the micrographs, using the following parameters: 606 mask diameter 497Å, in-plane angular sampling 1°, lowpass references 20Å, picking 607 threshold 0.04, minimum inter-particle distance 79Å, maximum stddev noise 1.4, 608 shrink factor 0.5, helical picking, tube diameter 400Å, helical rise 82Å, number of 609 asymmetrical units 1, maximum curvature 0.4. Particles were extracted (4x binned) 610 and entered for 2D classification into 100 classes. Classes were rejected if they were 611
obviously not microtubules (carbon, ice etc), if they appeared blurred or poorly 612 aligned, if they had low levels of decoration and if they showed signs of non-13-PF 613 architectures ( Figure S1C) . A 3D reference was made by docking a model of dynein 614 MTBD decorated tubulin into density for a 13-PF microtubule (PDB 3J1T and EMD 615 6351 respectively). The PDB was converted to electron density in EMAN2 (pdb2mrc).
616
3D classification of unbinned particles into 3 classes was used to separate out the 617 remaining sample heterogeneity. The single good class was entered into a 3D 618 refinement using the following parameters: initial angular sampling of 0.9°, and 619 initial offset range and step sizes of 3 and 1 pixels respectively. C1 symmetry, inner 620 tube diameter 100Å, outer tube diameter 400Å, angular search range tilt 15°, psi 10°, 621 tilt prior fixed, range factor of local averaging 4, helical symmetry with 1 asymmetric 622 unit, initial rise 82Å, initial twist 0°, central Z length 40%, local searches of symmetry, 623 rise search 78-86Å, step size 1Å, no search for twist. 624 625
A solvent mask and 13-fold local symmetry was applied during refinement. For local 626 symmetry, a mask was made by docking copies of PDB 3J1T into the protofilament to 627 the left of the seam (if the MT is being viewed plus-end up). The PDB protofilament 628 was then converted to electron density with the EMAN program pdb2mrc. This was 629 converted into a mask with relion_mask_create. relion_local_symmetry requires a 630 STAR file containing the translational and rotational operators needed to move the 631 original mask onto each successive protofilament. The psi angle, rotating around the 632 microtubule long axis, is given as multiples of -27.69° (360°/13). The center of 633 rotation is the center of the microtubule lumen, so the only translation needed is the 634 rise between adjacent protofilaments. For a 3-start helix, there is a rise of 1.5 dimers 635 through 360°. The refined helical rise between dimers in the same protofilament as 636 measured by Relion was 82.29Å. As such, the _rlnOriginZ parameter increases by 637 multiples of 9.495Å (82.293 * 1.5 / 13). Local symmetry was applied during 638 refinement with the additional argument --local_symmetry. 
